There is now adequate experimental evidence that demonstrates that oligosaccharides are specific ligands in a variety of biological-recognition phenomena. While the precise nature of the oligosaccharide ligand involved in a particular process is known for certain systems [ 11, the molecular basis of the interaction remains obscure. Recognition is clearly a 'shape' problem and ideally we require a highresolution structure of the oligosaccharide-protein complex to aid our understanding of the mechanisms involved in the interaction. Classically this would require the crystallization of the complex [Z-41, but with the advent of new multi-nuclear, multi-dimensional n.m.r. methods, it becomes feasible in principle to determine the high-resolution three-dimensional structure of the complex in solution. In particular the delineation of the interaction of the carbohydrate recognition domains of a variety of lectins with their ligands becomes a real possibility using n.m.r. methods. However, while the necessary theoretical and experimental techniques for the conformational analysis of the protein receptor by n.m.r. are well developed [5] , there is much work to be done in developing similar techniques for the conformational analysis of the oligosaccharide ligand. This state of affairs is undoubtedly due in part to the relatively small number of groups working on these problems, which in turn probably derives from a historic regard for oligosaccharides as 'without function' and 'uninteresting', a myth which appears to have been dispelled only in the light of recent experimental data. Here we describe some recent experimental and theoretical approaches that we have developed to simplify the task of oligosaccharide conformational analysis. W e focus on two particular 'bottlenecks' in the field, namely the problem of resonance assignment in the n.m.r. spectra of oligosaccharides and the treatment of distances and angles derived from n.m.r. measurements, given the possibility of significant internal motions about glycosidic linkages.
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Resonance assignment
Despite their small size, oligosaccharides present n.m.r. spectra which at first sight defy interpretation [6, 71. While the anomeric (C-1) proton resonances are generally well resolved, the remaining resonances are found in an unresolved envelope in the region 3.5-4.00 p p m . In order to maximize the amount of experimental conformational data (internuclear distances and dihedral angles) that is available, it is important to obtain complete proton resonance assignments. Several groups including ourselves have described a variety of two-dimensional n.m.r. techniques which effectively overcome problems of resonance overlap, either by use of spectral editing of some kind or by exploiting techniques which generate crosspeaks in a well resolved region of the two-dimensional spectrum (reviewed in [S]). However, during the course of conformational studies on the oligosaccharide known as Lewis-X (Idex), we experienced assignment difficulties due to severe overlap which could not be overcome by use of previously described methods [9] . The approach we have adopted is analogous to that which has been applied to the resonance assignment of larger proteins, namely extension of the number of frequency dimensions from two to three, giving rise to three-dimensional n.m.r. [ 10, 111. This increase in dimensions gives rise to increased spectral dispersion with respect to conventional two-dimensional n.m.r., and we find the three-dimensional experiments homonuclear-Hartmann-Hahn-correlation spectroscopy (HOHAHA-COSY) and rotating-frame nuclear Overhauser (R0ESY)-COSY to be of particular value. Any three-dimensional experiment can be thought of as a cube, comprising a series of slices which are analogous to two-dimensional spectra, except that the information content of each slice is much smaller than that in a conventional two-dimensional spectrum. This is illustrated for the HOHAHA-COSY experiment in Figure l 
Conformational analysis
Once complete proton-resonance assignments have been obtained for the oligosaccharide, these are used in interpreting experiments designed to generate distance or angular information describing the conformational properties of the oligosaccharide in solution. The primary tool for the generation of distance information in macromolecules is the By virtue of the inverse of the sixth power dependence on internuclear distance, n.0.e. and r.0.e. measurements are very sensitive probes of distances in the region 1 5 A. However, this dependence carries with it the unfortunate penalty that these measurements become very imprecise in the presence of intramolecular motion. Since such motion cannot be ruled out [15, 161, it is important to treat n.0.e. and r.0.e. data as qualitative probes of distance. In common with current protocols for determining the solution structure of proteins [ 51, in the case of Le" we have treated n.0.e. and r.0.e. data as 'pseudo-energy' terms in a molecularmechanical energy-minimization protocol, using a forcefield which we have described previously for this purpose [ 171. Using this approach, we arrive at a solution conformation for the molecule which satisfies all the experimental and theoretical constraints simultaneously. However, the resulting Volume 21 structure is static and since, as mentioned above, we cannot rule out the possibility of intramolecular motion, we have addressed the latter by applying molecular-dynamics simulations at physiological temperature. These simulations in principle provide information on the extent of internal motion on a timescale extending to several 100 ps. However, the problem with such simulations is that they are just that -theoretical simulations of dynamics, which cannot be validated directly by experiment. Nevertheless given a particular series of moleculardynamics trajectories for a given system, it is possible to back-calculate experimentally measurable properties from the dynamic system. In the case of Le" we have back-calculated r.O.e.s from molecular-dynamics simulations of the oligosaccharide, to verify the nature of the molecular motions implied from the dynamics simulations indirectly. W e find that the back-calculated and experimentally determined r.0.e.s agree to within a factor of two [ 141, which is very reasonable bearing in mind that any error in the dynamics simulation (which in turn derives from unavoidable assumptions in the forcefield employed) will be magnified to the power of six, by the distance-dependence of the n.0.e. The overall picture is of a conformation for Ley which is essentially a single structure with narrow torsional oscillations about glycosidic linkages.
Despite the excellent agreement between experimental and theoretical r.0.e.s. in our study of Le", a criticism remaining is that the theoretical r.0.e. is computed from a dynamics simulation that represents several 100 ps in real-time, whereas the experimental r.0.e. is measured on the timescale of the relaxation time Tl,, which extends to several 100 ms -it can be argued that the theoretical r.0.e. does not represent an average over possible slow conformational transitions on the millisecond timescale, which would influence the measured values. In other words it could be argued that Le" exists in multiple conformations which are not 'seen' by the dynamics simulations, due to the short timescale. Unfortunately it is not possible simply to extend dynamics simulations to milliseconds and beyond, to address this point, in view of the enormous computational time that would be required on any currently available computational platform. W e have adopted therefore a different approach, by examining a model system for which more experimental constraints can be obtained. The system which we have chosen is the disaccharide Man a 1-3Man a 1-OMe. Three r.0.e.s (and n.0.e.s) are measurable across the glycosidic linkage for this disaccharide and in addition we have measured proton-carbon long range (three-bond) coupling constants 'Jc,H corresponding to the torsion angles q (H-1 -C-1-0-3-C-3) and q (C-1-0-3-C-3-H-3) in the disaccharide using heteronuclear single-quantum correlations (HSQC) experiments. It is easier to address the extent of intramolecular motion (that is, torsional oscillations) with these two types of experimental measurement (n.O.e./r.O.e. and J), since they average differently under the influence of such motion. Using these five experimental measurements, we sought to determine whether a single structure was compatible with all of them. T o test this we began with ten random structures for the disaccharide and subjected them to dynamical simulated annealing with the three n.0.e. constraints applied. These constraints were applied with very loose bounds in order to take account of their qualitative nature -they were classified as weak, medium or strong and distance constraints were applied correspondingly between the bounds 2.0-5.0 A, 3.0-5.0 A and 3.5-5.0 A, respectively.
Between these bounds no energy penalty was applied, whereas if the distance between the two protons corresponding to the n.0.e. was outside these bounds, a weak harmonic restraint was applied. By using this approach, we found a single family of structures derived from the ten initial random structures, each of which possessed essentially the same glycosidic torsion angles with q --40" and q -+ 180". From this 'consensus structure' it was possible to compute theoretical 3Jc,H values using the appropriate Karplus relation, together with theoretial relative n.0.e. values and all of these were reasonably consistent with experimental data.
To assess whether the experimental data were also consistent with a model involving torsional oscillations about q and q, we performed a 500 ps molecular-dynamics simulation of the disaccharide with the three n.O.e. constraints applied. W e then computed theoretical values of the n.0.e.s and Js from this simulation. Again the dynamically averaged data are reasonably consistent with experimental data. If the torsional oscillations about q and q are plotted against each other in the form of a potential surface, we find that in this simple system, a 500 ps simulation in 'uucuo is sufficient for a statistical sampling of all regions of the conformational space withint 5 kT (k, Boltzmann constant; T, absolute temperature) of the global minimum-energy configuration and thus we gain some confidence that the torsional oscillations which we observe during the simulation indicate the true nature of the intramolecular motion. We find that the extent of such oscillations is somewhat larger than those observed in LeX, but the oscillations are still restricted to values of -f 30" about the global minimum-energy configuration.
In conclusion a picture is beginning to emerge about the true conformational behaviour of oligosaccharides in solution. While available data can be interpreted in terms of a single, rigid structure in many instances, these data can be interpreted in terms of limited torsional oscillations about glycosidic linkages as well. Given that the potential surfaces computed from theoretical predictions suggest a degree of flexibility, it is probable that the model involving limited torsional oscillations is a more realistic approximation to the true nature of conformational properties of oligosaccharides in solution. Neverthless the extent of such oscillations is sufficiently small, at least in the linkage types studied here, that the 'solution conformation' of an oligosaccharide is well approximated by its global minimum-energy configuration.
Introduction
Although most proteins in nature are glycosylated, little is understood about the role of carbohydrates in protein structure, function and dynamics. Several studies have been performed on oligosaccharides attached to short peptides, but these have involved only the sequencing of the oligosaccharides in the presence of the peptide [ 1-31. Single monosaccharides linked to asparagine have been studied using 'H-n.m.r. to determine the conformation of the N-glycosidic bond N-linked oligosaccharides has little or no effect on the conformation or dynamics (either local or global) of the protein [5] and that the oligosaccharides themselves have a high degree of internal mobility. The presence of 0-linked oligosaccharides causes an extension and stiffening of the peptide backbone, proposed to be due to steric interactions between the first two monosaccharide units and the adjacent amino-acid side chains, as has been demonstrated by "C-n.m.r. studies of ovine-submaxillary mucin, a highly glycosylated peptide containing 0-linked oligosaccharides [6] . These findings agree with studies on the conformations of short synthetic 0-linked glycopeptides [7] .
